Microtubule (MT) ensemble polarity is a diagnostic determinant of the structure and function of neuronal processes. Here, polarized MT structures are selectively imaged with second-harmonic generation (SHG) microscopy in native brain tissue. This SHG is found to colocalize with axons in both brain slices and cultured neurons. Because SHG arises only from noninversion symmetric structures, the uniform polarity of axonal MTs leads to the observed signal, whereas the mixed polarity in dendrites leads to destructive interference. SHG imaging provides a tool to investigate the kinetics and function of MT ensemble polarity in dynamic native brain tissue structures and other subcellular motility structures based on polarized MTs. M icrotubules (MTs) are a major cytoskeletal element of neuronal cell processes and are responsible for structural support and active intracellular transport. MTs exhibit an intrinsic axial polarity, defined by different ϩ and Ϫ ends, giving an overall noninversion symmetric structure. This polarity determines the self-assembly characteristics of the MT polymer from its tubulin subunits (1, 2) and the directionality of vesicle and organelle movements via the unidirectional molecular motors (3). The MT ensemble polarity has been implicated in determining the unique morphological and compositional features of axons and dendrites in culture (4).
Microtubule (MT) ensemble polarity is a diagnostic determinant of the structure and function of neuronal processes. Here, polarized MT structures are selectively imaged with second-harmonic generation (SHG) microscopy in native brain tissue. This SHG is found to colocalize with axons in both brain slices and cultured neurons. Because SHG arises only from noninversion symmetric structures, the uniform polarity of axonal MTs leads to the observed signal, whereas the mixed polarity in dendrites leads to destructive interference. SHG imaging provides a tool to investigate the kinetics and function of MT ensemble polarity in dynamic native brain tissue structures and other subcellular motility structures based on polarized MTs. M icrotubules (MTs) are a major cytoskeletal element of neuronal cell processes and are responsible for structural support and active intracellular transport. MTs exhibit an intrinsic axial polarity, defined by different ϩ and Ϫ ends, giving an overall noninversion symmetric structure. This polarity determines the self-assembly characteristics of the MT polymer from its tubulin subunits (1, 2) and the directionality of vesicle and organelle movements via the unidirectional molecular motors (3) . The MT ensemble polarity has been implicated in determining the unique morphological and compositional features of axons and dendrites in culture (4) .
Research on the role of MT ensemble polarity in the dynamical development of neuronal processes, growth cones, and injury response has been hindered by the lack of suitable techniques. The only previous technique capable of determining MT polarity is the elegant electron microscopy ''hook method'' (5, 6) in thin fixed sections. However, now a noninvasive imaging modality for thick living tissue (Ϸ300-to 400-m imaging depth) that is capable of recording MT ensemble polarity information is described here. This technique is provided by secondharmonic generation (SHG) microscopy.
SHG microscopy has emerged as an effective tool in biology (7-10) 40 years after its discovery in the early days of the laser (11) and 30 years after the discovery of SHG from collagen (12) . Like two-photon fluorescence (TPF) microscopy (13) , the SH signal is restricted to the focal volume (Ϸ1 m 3 ) and is easily separated from the near-IR excitation. In the SH case, however, the signal is generated at exactly half the wavelength of the incident light and relies on noninversion symmetric structures for its production. Both TPF and SHG are generally carried out by using trains of Ϸ100-fs laser pulses with high peak intensities at the focus (Ϸ10   12   W͞cm   2 ). Addition of styryl dyes has generated the asymmetry and optical nonlinearity needed for SHG in membranes (14, 15) , and recently it was found that the biologically intrinsic asymmetric structures of mitotic spindles and contractile filaments in muscle generate SH signals (16) .
Here we describe intrinsic sources of SHG from cultured neurons and acute slices from the hippocampus and other brain regions of rat. SHG was observed from axons, but not from dendrites and somata. In acute hippocampal slices, we found the SHG prominently localized in the dense unmyelinated axon bundle known as the mossy fibers, with smaller signals from individual axons originating from CA3 pyramidal neurons. Additionally, we describe the SHG imaging of native, functioning cilia in the aqueductus cerebri, a brainstem ventricle, and provide SHG time series movies of mitotic spindle development in RBL cells. We establish that these signals arise only from uniform polarity MT ensembles.
Materials and Methods
Imaging. SHG and TPF microscopy were simultaneously performed on either a Bio-Rad MRC1024 or Radiance scan head on a modified inverted Olympus IX-70 microscope (Fig. 1) . The excitation source was a mode-locked Ti:Sapphire laser (Ϸ100-fs pulses at 80 MHz) (Spectra-Physics) pumped by a 5-W solid state Millennia laser (Spectra-Physics). The laser polarization was controlled via a Berek polarization compensator (New Focus, San Jose, CA) and the beam focused into the sample with one of the following (overfilled back aperture) objectives: Zeiss C-Apochromat ϫ10͞0.45 numerical aperture (NA), Olympus UApo ϫ20͞0.7 NA, Zeiss Fluar ϫ20͞0.75 NA, Olympus UApo ϫ40͞1.15 NA, Zeiss Fluar ϫ40͞1.3 NA. The resultant SHG was collected in the transmitted (forward) direction with an Olympus XLUMPlanFl ϫ20͞0.95 NA objective, whereas the TPF was epi-collected through the excitation objective. A combination of dichroic mirrors, band-pass and blue-glass filters (Chroma Technology, Brattleboro, VT), and polarization analyzers (Newport, Fountain Valley, CA) separated the signals for detection with Bialkali photo-multiplier tubes (PMTs) (Hammamatsu, Ichinocho, Japan). The excitation wavelength, average excitation intensity (ϽIϾ) at the sample, and two-photon 1͞e radial Gaussian beam waist approximation (w) (17) are given with the figures. The average power at the sample is (ϽIϾ⅐⅐w 2 ). The images are temporally summed over several scans at dwell times Ϸ10-100 s͞m 2 . Confocal imaging was performed on the same microscope, but using an argon-krypton laser for excitation. SHG spectra were recorded by stage scanning the sample and coupling the transmitted light into a liquid N 2 -cooled, fibercoupled spectrometer (Jobin-Yvon, Edison, NJ). Relative effective SHG cross sections were corrected for power at the sample, transmission of optics, pulse width, etc. Propagation direction distributions were deduced from images of SHG from mossy fibers in both forward and epi propagation directions with fluorescence calibration for absorption and scattering in the tissue and collection efficiency differences of the optics and detectors in each direction. Cultured neurons were fixed in 3.7% paraformaldehyde in PBS containing 4% sucrose at 37°C. The neurons were processed for labeling with the primary antibodies MAP2 (1:100; rabbit, Chemicon) and Tau1 (1:200; mouse, Chemicon) and incubated with rhodamine-conjugated anti-rabbit (50 g͞ml; Jackson ImmunoResearch) and coumarin-conjugated anti-mouse (6.25 g͞ml; Jackson ImmunoResearch) secondary antibodies.
Pharmacology. The slices were transferred from the static incubation bath to a static ACSF bath on the microscope stage. The bath was constantly equilibrated with 95% O 2 and 5% CO 2 and warmed by using an objective heater set to 34°C. Baseline images (six optical z-sections, 20 m apart) of SHG from the mossy fibers in all slices were taken every 5 min for 20 min. Subsequently, four slices were continuously treated with 25 M nocodazole (Sigma), four slices were continuously treated with 1 M cytochalasin D (Sigma), and four slices (control) received continuous treatment only with solvents (DMSO ϩ 0.05% pluronic). Imaging of the SHG from the same region continued every 5 min for 70 min. The average intensities from the three groups were calculated and compared for statistical significance with a t test.
Physics of SHG
Assuming a uniaxial molecule (as needed here) whose first hyperpolarizability tensor, 7 ␤, is dominated by a single component, ␤ 0 , the radiated SHG intensity (I 2 ) at twice the illumination frequency is proportional to the square of the illumination intensity (I ) (14):
This SHG stems from the power series expansion of the nonlinear induced electric dipole moment (p ជ) of a molecule driven by an excitation optical electric field (E ជ ):
where p ជ 0 is the static electric dipole moment,
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␣ is the linear polarizability responsible for linear optics, and ␤ element values. Excitation electric fields interacting with such molecules induce strong SH dipoles that generate SH electromagnetic radiation. A detectable coherent SH signal is generated when scattering molecules of noninversion symmetry are spatially ordered, giving an overall asymmetry (lack of an inversion center) to the collective structure, allowing phase matching to take place between the individual scatterers. Because SHG requires coherent summation of the local SH radiation fields, I 2 depends quadratically on the number of SH scattering molecules in the focal volume (14) .
Results SHG in the Hippocampus. Fig. 2A shows the observed SH signal from a hippocampal slice. The large curved white bundle corresponds to the mossy fiber axons from the dentate gyrus (DG) granular neurons that innervate the CA3 pyramidal neurons (20) . Fig. 2B shows a magnified image of processes emanating from the CA3 pyramidal neurons. These processes appear to correspond to the axons leaving the hippocampus to the fimbria and may also give rise to the Schaffer collaterals, which innervate CA1 (21) . We find a similar morphological correspondence between SHG and axons in other brain regions, i.e., the superior colliculus, cortex, and spinal cord (images not shown).
Immunological stainings further prove the colocalization of SHG with axons. Tau immunostaining (Fig. 2C ) marks axons (22) whereas MAP2 immunostaining (Fig. 2D ) predominantly marks dendrites in slice preparations (23) . The tau and SHG signals have almost identical morphological patterns whereas the MAP2 and SHG do not, confirming the axonal and not dendritic origin of the SHG. Note that the tau and SHG signals reveal the mossy fibers, but not other axon bundles whose trajectories are out of the plane. ␤-Tubulin immunostaining (Fig. 2E) reveals For collection, TPF is epi-collected from the sample (S) and split into appropriate wavelength channels with dichroic mirrors (DM) and emission filters (EF). The predominately forward propagating SHG is collected in the transmitted light direction with a dipping objective (DO) (0.95 NA) and a plano-convex lens (L) and separated from the excitation and fluorescence light through the use of band pass and blue glass filters (F). Bialkali PMT (PMT) detectors are connected to a computer for acquisition (the SHG PMT signal is amplified before acquisition).
both axons and dendrites, but as expected, only the axonal portion colocalizes with the SHG. The SHG processes emanating from CA3 pyramidal neurons (Fig. 2B) are similar in morphology to the axonal neurofilament immunostaining of this region (Fig. 2F) (24) , which reveals these axons better than the tau immunostaining. In contrast, the magnified MAP2 dendritic stain of this region (Fig. 2G) does not reveal these processes. We note that fixation leads to disappearance of the SHG signal.
Neuron Culture SHG and Immunohistochemistry. SHG originates from certain processes of hippocampal neurons in cell culture (Fig. 3A) . MAP2 immunostaining [marking dendrites and somata in culture (25) ] and tau immunostaining [marking axons (25) ] (Fig. 3B) performed after SHG and TPF imaging reveal that the SHG and tau signals colocalize, further confirming the axonal origin, whereas dendrites and somata do not lead to SHG.
Pharmacology: MTs Are the SHG Source. Because SHG requires spatially ordered noninversion symmetric structures, we hypothesized that the signal arises from one or more of the polymerized filaments in axons. MTs and actin filaments satisfy this requirement, but inversion symmetric neurofilaments do not (26) . To test the dependence of the SHG on MTs and actin filaments, we used pharmacological agents known to depolymerize them selectively.
Nocodazole depolymerizes MTs in neuronal cell types (27) . Fig. 4 shows the effect of nocodazole on the SHG from the mossy fibers. After the addition of the drug, the SHG decreased to Ϸ39% of its original value, as expected for this short duration treatment (28) , and the control remained at Ϸ87% of its original value. The slight SHG drop during the control experiment can be explained by the spontaneous depolymerization of MTs in the ex vivo environment. The control and nocodazole experiments are significantly different (t test: P ϭ 0.006). Given the specificity of nocodazole to MTs, the decrease in signal shows a direct correlation between MTs and the SHG.
Cytochalasin D depolymerizes the actin cytoskeleton in neuronal cell types (29) . Fig. 4 shows that this drug had no significant effect on the SHG compared with the control. The two data sets are not significantly different (t test: P ϭ 0.49). Given the specificity of cytochalasin D to actin filaments, this finding shows that there is no correlation between actin and the SHG.
SHG from MTs in Non-Neuronal Structures. Non-neuronal cell structures with well-organized MT ensembles provide further evidence that SHG arises from MTs. It has previously been shown that mitotic spindles from developing Caenorhabditis elegans embryos generate SH signals under similar experimental conditions to ours (16) . We find that distinct SH signals are also generated from the mitotic spindles of M-phase RBL cells and MTs nucleated from their centrosomes during interphase (Fig.  5A) . Additionally, in brainstem slices we find that cilia lining the inner walls of the ventricles lead to SHG (Fig. 5B ) (see Movie 1, which is published as supporting information on the PNAS web site, www.pnas.org, for time series movie of cilia motion imaged via SHG).
Signal Characterization as SHG. To establish the SH nature of the brain signal, we first noted the quadratic (2.01 Ϯ 0.05) dependence of the signal on I . This finding is consistent with two-photon processes including SHG and TPF. Next, spectra were taken from a 100-m-by-100-m square region of the mossy fibers with varying excitation wavelengths (Fig. 6A) . The emission peaks occur at exactly half of the excitation wavelength. This finding is consistent with SHG, and it excludes TPF emission, which is typically Stokes shifted by many tens of nm from the SH wavelength and remains constant regardless of substantial variation in excitation wavelength. Additionally, with an excitation bandwidth of Ϸ10 nm, the SHG bandwidth should be 10͞ ͌ 2 nm, typically 5 to 10 times less broad than fluorescence emission. The relative effective SHG cross section increases as the excitation is tuned toward shorter wavelengths (Fig. 6A) . We find that the SHG propagates mostly in the forward direction. Taking collection efficiencies of objectives (ϫ10͞0.45 NA focusing and ϫ20͞0.95 NA condensing objectives), filters, and detectors into account, the ratio of forward to epi propagating SHG is 9.8 Ϯ 2.9 and 9.6 Ϯ 1.8 with the focusing objective changed to a ϫ40͞1.15 NA. Such an obvious anisotropic emission is characteristic of SHG, but in stark contrast to the isotropic emission of TPF.
Finally, we find that the SHG from axons is strongly polarization dependent, maximum with the excitation light polarized parallel to the axons (Fig. 6 B and C) , and essentially no SHG with the excitation polarized perpendicular to the axons (Fig. 6  B and C) . We find a similar effect in the SHG emission polarization. SHG is observed with an analyzer in front of the detector oriented parallel to the excitation polarization and excited axons (Fig. 6D) . As the analyzer is rotated toward a perpendicular configuration, the detected signal disappears (Fig. 6E) .
Discussion
Having established the MT origin of the SHG, we can understand the observed results. Specifically, why SHG is seen only from axons, although dendrites and, to a lesser extent, somata (30) also contain MTs. The differences lie in the polarity of the MTs. Electron microscopy hook method studies of the orientation of the MT ensembles in differentiated cultured hippocampal neurons have shown that the MTs in the axons have uniform polarity. They are 95% aligned with their plus ends distal to the soma, giving an overall noninversion symmetric ensemble structure (31) . In contrast, MTs in the dendrites have mixed polarity with Ϸ50% with their ϩ ends distal to the soma and Ϸ50% oppositely oriented. No concentrations of uniform polarity MTs are found in the dendrites, giving an overall inversion symmetric ensemble structure (31) . In fact, the SH-generating regions of interphase RBL cells, cilia, mitotic spindles, and axons have only one thing in common: uniform polarity MTs (see below). Therefore, we see that uniform polarity MT ensembles support SHG and are responsible for the SHG seen here in axons. the orientation necessary to support SHG through their binding to the polar MTs, leading to SHG in regions where MTs are aligned with uniform polarity. However, the (tubulin)͞(MAP or molecular motor) number ratio is Ϸ10-100 (32, 33). Therefore, the quadratic dependence of the SHG on the number of scatterers makes MTs the effective signal generators. Although the MT structures generating a SH signal contain various different MAPs and molecular motors, the only elements common to all of these structures are uniform polarity MTs and dynein (3, 31, (33) (34) (35) (36) (37) (38) . In mitotic spindles the dynein is quite sparse and is known to be localized in specific regions; therefore it cannot account for the observed pattern of SHG (34) . The immunological stains of hippocampal brain slices for dynein (not shown) reveal a distribution having no resemblance to the SHG morphology. These facts show that MAPs and molecular motors do not significantly participate in the SHG.
Axons Versus Dendrites in SHG. Individual MTs contain an overall axial asymmetry; however, the elements of the hyperpolarizability tensor, 7 ␤, are not known. Because MTs are aligned with axons and dendrites (31), the observed excitation polarization effect ( Fig. 6 B and C) shows that SH dipole radiation is produced when the MTs and the excitation polarization vector are parallel. Excitation polarization perpendicular to MTs yields no SHG. The emission polarization experiments (Fig. 6 D and E) show that SH dipoles are induced along the asymmetric axial direction of the MT polymer, proving the existence of a dominant diagonal element of 7 ␤. We presume that the loss of SHG after fixation is caused by protein cross-linking disrupting the electronic configuration and increasing the inversion symmetry of the MTs.
To understand physically the difference in SHG between axons and dendrites, the phase of the induced SH electric dipole in each MT must be considered. The relative phase between neighboring MT SH dipoles is determined by the relative polarity of the MTs. If MTs are aligned with the same axial polarity (axons), the induced SH dipoles will be in phase, and if they are aligned with opposite axial polarity (dendrites) the SH dipoles will be 180°out of phase. The MTs in axons and dendrites are typically separated by a subresolution distance of Ϸ90 nm, corresponding to one-fifth of a wavelength for 440-nm SH light (31, (39) (40) (41) . Because of this extreme proximity, the SH dipole radiation produced by neighboring MTs in axons will constructively combine to produce coherent propagating SH radiation whereas the radiation from MTs in dendrites will destructively interfere producing no SH radiation. Although this explanation is qualitatively sufficient, a detailed calculation of the radiated SH signal generated by a focused laser beam is complicated (42) , requiring coherent summation of the SH radiation from each MT driven at the local phase of the focused excitation illumination.
Photodamage Minimization. Because the SHG is relatively weak, it is necessary to use relatively high ϽIϾ at the sample and temporal summing for an acceptable signal-to-background ratio (Ϸ2) in imaging. The high ϽIϾ used here (Ϸ10-100 MW͞cm 2 ) may cause photodamage through absorption, but not through SHG because of its nonabsorptive scattering photophysics. Fortunately, the long wavelength excitation (Ϸ880 nm) predominantly used here is relatively benign because its absorption in tissue is negligible. We find that with 880-nm excitation with ϽIϾ ϭ 50.2 MW͞cm 2 (w ϭ 0.16 m), and 118 s͞m 2 dwell time, it is possible to watch RBL cells dividing while imaging their mitotic spindles with SHG (see Movie 2, which is published as supporting information on the PNAS web site). These cells divide and fully ''pinch off,'' showing their tolerance of the incident laser intensity and full functioning of the mitotic machinery. This two-photon excitation dose (ϽIϾ 2 times dwell time) is Ϸ10 times the dose used during our deep brain tissue imaging experiments (i.e., Fig. 2 A) . High ϽIϾ at 880 nm appears to be acceptable for repeated imaging of MT polarity development in living neuronal samples. The same cell division experiments repeated with 780 Ϯ 20-nm excitation showed no signs of mitotic activity. Continuous SHG imaging at Ϸ780 nm (i.e., Fig.  7 ) allows Ϸ10 scans in tissue and neuron cultures before photoinduced morphological changes are seen and SHG begins to disappear. Considering these problems, it may be desirable to take ''snapshots'' of the MT polarity at shorter wavelengths to increase signal-to-background ratio (Fig. 6A) or simultaneously image fluorophores with TP cross sections or fluorescent emissions incompatible with SHG from Ϸ880-nm excitation. For repeated imaging of morphological development of MTs in living samples by SHG, the longer wavelengths are clearly preferred.
Applications of SHG Imaging of MTs. Our studies show that SHG is well suited for imaging uniform polarity MT ensembles deep in living brain tissue and will find many applications. For example, MTs have been at the heart of many neuronal polarity development studies, involving transport, ensemble polarity, stabilization and density (3, (43) (44) (45) . Nearly all such studies have been performed in vitro or in fixed samples, but many questions remain about the bearing their results have on neuronal development in vivo (46) . Fig. 7 demonstrates the possibility of following such development in unfixed in vitro and ex vivo samples with SHG. Similarly, little is known about MT ensemble polarity in active growth cones, neuronal repair, the dynamics of migrating cells, and neurodegenerative diseases. SHG should prove valuable for studies on these and other dynamic MT structures in living tissue, offering insights into MT ensemble polarity in systems currently beyond previous techniques.
